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Drosophila fizzy-related Down-Regulates
Mitotic Cyclins and Is Required for Cell
Proliferation Arrest and Entry into Endocycles
Stephan J. Sigrist* and Christian F. Lehner Fission yeast cdc2(cdk1) activity is also known to pre-
vent rereplication in G2 (Hayles et al., 1994; Correa-Department of Genetics
Bordes and Nurse, 1995; Fisher and Nurse, 1996).University of Bayreuth
The functions provided by various B-type cyclins in95440 Bayreuth
conjunction with a single cdk in yeast are distributedFederal Republic of Germany
on A-, B-, and E-type cyclins and multiple cdks in Dro-
sophila and vertebrates. Cyclins A and B accumulate
late in the cell cycle and activate cdk1. Mutations inSummary
Drosophila cyclin A and cdk1 result in transformation of
mitotic into endoreduplication cycles (Sauer et al., 1995;We demonstrate that fizzy-related (fzr), a conserved
Hayashi, 1996). Higher eukaryote cdk1, therefore, is alsoeukaryotic gene, negatively regulates the levels of
required for both M phase and the coupling of S andcyclins A, B, and B3. These mitotic cyclins that bind
M phase. Cdk1 complexes might prolong the block ofand activate cdk1(cdc2) are rapidly degraded during
reinitiation of DNA replication during late S and G2 whenexit from M and during G1. While Drosophila fizzy has
cyclin E/cdk2 activity, which presumably triggers thepreviously been shown to be required for cyclin de-
G1/S transition (Knoblich et al., 1994) and establishesstruction during M phase, fzr is required for cyclin
the block of reinitiation, is no longer present.removal during G1 when the embryonic epidermal cell
Endoreduplication cycles occur not only in mutant butproliferation stops and during G2 preceding salivary
also during normal Drosophila development in a precisegland endoreduplication. Loss of fzr causes progres-
temporal and spatial pattern (Smith and Orr-Weaver,sion through an extra division cycle in the epidermis
1991). Consistent with the proposed functional special-and inhibition of endoreduplication in the salivary
ization of Drosophila cyclins, these endoreduplicationgland, in addition to failure of cyclin removal. Con-
cycles are characterized by absence of A- and B-typeversely, premature fzr overexpression down-regulates
cyclins and by periodic cyclin E expression triggeringmitotic cyclins, inhibits mitosis, and transforms mitotic
each of the endocycle S phases (Edgar and Lehner,cycles into endoreduplication cycles.
1996).
While the inactivation of cdk1 activity in mitosis estab-
lishes only the competence to initiate DNA replication,Introduction
the actual initiation requires the regeneration of cdk
activity. In yeast, this regeneration is very carefully regu-Cyclin proteins are characterized by a conserved do-
lated at multiple levels to prevent a premature onset ofmain, the cyclin box, which mediates binding and activa-
S phase. First, transcription of B-type cyclins is inhibitedtion of cyclin-dependent kinases (cdk). Cdk1(cdc2) ac-
in G1 (Epstein and Cross, 1992; Schwob and Nasmyth,tivity triggers entry into mitosis and is dependent on
1993; Maher et al., 1995). Second, proteolysis of B-type
binding of A- or B-type cyclins. These cyclins have a
cyclins, which starts during mitosis, continues during
second motif, the destruction box, which results in their
G1 (Amon et al., 1994; Irniger et al., 1995). Third, cdk
rapid proteolysis during mitosis (Glotzer et al., 1991).
inhibitors like Sic1p and p25rum1 inhibit B-type cyclin/
Mutant cyclins without a functional destruction box
cdk1 complexes during G1 (Schwob et al., 1994; Correa-
arrest cells in mitosis with high cdk1 activity. The mitotic
Bordes and Nurse, 1995).
degradation of cyclins, therefore, is required for inactiva-
The activation of both cdk1 and cdk2 complexes is
tion of cdk1 and exit from mitosis. also carefully controlled in higher eukaryotes by compa-
Cdk1 regulation is also crucial for ordering S and M
rable regulation. Transcriptional control of cyclin ex-
phase, as emphasized by recent observations in diverse
pression and the importance of cdk inhibitors are well
eukaryotic species. Mitotic inactivation of B-type cyclin/
established (reviewed by Sherr, 1994; Harper and Elledge,
Cdc28(cdk1) in budding yeast results in acquisition of 1996). Proteolysis of mitotic cyclins persists also in
a characteristic footprint at DNA replication origins in mammalian cells throughout G1 (Brandeis and Hunt,
vivo and competence to initiate another round of DNA 1996). Similarly, despite the presence of mRNAs, no
replication (Diffley et al., 1994; Dahmann et al., 1995; mitotic cyclin accumulation is observed when cells enter
Cocker et al., 1996). The subsequent reactivation of for the first time into a G1 phase during Drosophila
B-type cyclin/Cdc28 at the G1/S transition triggers initia- embryogenesis. However, cyclin accumulation starts
tion of DNA replication in parallel with a reorganization concomitant with entry into S, when cyclin E is ex-
of origin complexes and a concomitant loss of initiation pressed in these G1 cells (Knoblich et al., 1994). Cyclin
competence. Cdc28 activitypresent during the reminder E/cdk2 activity, therefore, does not only trigger S phase
of the cell cycle (S and G2) inhibits the assembly of but terminates also mitotic cyclin proteolysis, perhaps
initiation-competent complexes and thus prevents reini- in an indirect way.
tiation until B-type cyclins are again degraded in mitosis. Here, we identify the Drosophila fizzy-related (fzr)
gene as an important negative regulator of mitotic cyclin
accumulation. fzr is required when cells exit from the*Present Address: Friedrich-Miescher-Laboratorium der Max-
mitotic cycle during embryogenesis. In fzr-deficient em-Planck-Gesellschaft, Spemannstrasse 37±39, 72076 TuÈ bingen, Fed-
eral Republic of Germany. bryos, epidermalcells progress throughan extra division
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cycle instead of arresting in G1 after the terminal mitosis. an ideal organism for biochemical analyses of cyclin
Moreover, postmitotic salivary gland cells fail to enter proteolysis, we identified the Xenopus fzr gene. Subse-
endoreduplication cycles. These defects are preceded quent analyses revealed the presence of both, fzy and
by an unscheduled accumulation of mitotic cyclins. fzr, fzr, in Drosophila and Xenopus (Figure 1, and data not
therefore, might trigger the destruction of mitotic cyclins shown; for details, see Experimental Procedures). Se-
in postmitotic cells as a condition for G1 arrest or onset quencing projects have identified apparent fzy and fzr
of endoreduplication. homologs in S. pombe, C. elegans, and vertebrates (Fig-
ure 1B, and data not shown). A human fzy homolog has
been described previously (Weinstein et al., 1994). WhileResults
the S. cerevisiae gene HCT1 (Schwab et al., 1997 [this
issue of Cell]) is similar to fzr, an obvious fzy homologfizzy and fizzy-related Genes in Metazoans
cannot be recognized in S. cerevisiae. However, sinceDrosophila fizzy (fzy) is required for cell cycle progres-
fzy appears to be less conserved than fzr (Figure 1B),sion beyond metaphase and for mitotic degradation of
it remains a possibility that S. cerevisiae CDC20, whichA- and B-type cyclins (Dawson et al., 1993, 1995; Sigrist
has a mutant phenotype similar to that of Drosophilaet al., 1995). Its biochemical activity remains to be clari-
fied. In an attempt to identify a fzy homolog in Xenopus, fzy, represent a diverged homolog.
Figure 1. fzr in Drosophila and Other Eukary-
ote Species
(A) A comparison of the amino acid sequence
derived from cDNAs of Drosophila fzr (Dm
fzr), Xenopus fzr (Xl fzr), and Drosophila fzy
([Dm fzy]; Dawson et al., 1995) is shown.
Closed boxes indicate regions with identity
in at least two of the sequences. The seven
WD repeats in the C-terminal region are indi-
cated by numbered arrows.
(B) A dendrogram illustrating the similarity of
proteins encoded by fzy-like genes. While
one branch is formed by the putative human
([Hs p55cdc]; Weinstein et al., 1994) and Xeno-
pus fzy homologs (Xl fzy) and Drosophila fzy
(Dm fzy), a second branch is formed by the
putative human (Hs fzr) and Xenopus fzr ho-
mologs (Xl fzr) and Drosophila fzr (Dm fzr).
While the budding yeast gene HCT1 is similar
to the fzr genes, it is difficult to classify
CDC20. The dendrogram was generated with
the PILE-UP program of the GCG software
package.
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The protein products encoded by the fzy and fzr
cDNAs are highly similar in their C-terminal domains,
which are composed of seven WD repeats (Figure 1A).
These repeats, which are found in many functionally
diverse proteins (Neer et al., 1994), were first identified
in b-transducin. A crystallographic analysis has demon-
strated that these WD- or b-transducin repeats form a
seven propeller structure that provides protein±protein
interaction faces in trimeric G-protein complexes (Wall
et al., 1995; Lambright et al., 1996). In the N-terminal
domain, similarities between fzy and fzr are restricted
to a few motifs (Figure 1A).
Loss of fzr Results in Ectopic Cyclin A and B
Accumulation and an Extra Cell Cycle
Instead of G1 Arrest
Drosophila fzy expression is tightly correlated with mi-
totic cell proliferation during embryogenesis (Dawson
et al., 1995). Developmental Northern blots (not shown)
and in situ hybridization (Figure 2) revealed a distinct
expression pattern in the case of fzr. Maternally derived
fzr transcripts present at the onset of embryogenesis
(Figure 2A) disappeared during the syncytial embryonic
cycles (Figure 2B). Zygotic expression started in yolk
nuclei after the thirteenth embryonic mitosis (during the
stages where the nuclei at the egg periphery are cellu-
larized) and was detectable during gastrulation (Figure
2C). In the newly formed cells at the egg periphery, we
failed to detect signals above background during the
stages of the embryonic division cycles 14 and 15 (Fig-
ure 2C, and data not shown). At stage 11, expression
was observed in the salivary placodes and in theanterior
and posterior midgut primordia at high levels (Figure
2D) followed by expression at lower levels apparently
throughout the embryo (Figure 2F). While the fzr tran-
script distribution anticipated the pattern of endore-
duplication in internal tissues during germband retrac-
tion, we observed decreasing signals in meso- and
epidermal tissues (Figure 2G). During subsequent late
embryonic stages, signal intensity decreased through-
out the embryo to background levels (not shown). Ac-
cording to these results, therefore, fzr expression is not
correlated with mitotic proliferation but is observed in
Figure 2. fzr Expression during Embryogenesistissues during the stages when cells become postmi-
The distribution of fzr transcripts was analyzed by in situ hybridiza-totic.
tion. Maternal transcripts were detected during the early syncytialFor a genetic characterization of fzr function, we
stages (A), but no longer during late syncytial blastoderm (B). Zygoticmapped the gene to an X-chromosomal region that is
fzr expression was observed first in the syncytial yolk nuclei (arrow-
deleted by a number of deficiencies. We introduced a heads) during cellularization and gastrulation (C). During stage 11
transgene (Hs-fzr), allowing heat-inducible fzr expres- (D), zygotic expression occurred at high levels in salivary gland (sg),
sion, into the background of the smallest of these defi- anterior midgut (amg), and posterior midgut (pmg) at the end of the
mitotic proliferation before the onset of endoreduplication. Duringciencies Df(1)bi-D3. To get insights into fzr function,
late stage 11 (F), expression was also detected in mesodermal andwe concentrated on those phenotypic abnormalities of
epidermal tissues. During stage 13 (G), fzr transcripts anticipatedhemizygous deficient embryos that could be corrected
endoreduplication in the centralmidgut (cmg), while transcript levels
by Hs-fzr expression. The identification of Hs-fzr-rescu- decreased again in mesodermal and epidermal tissues. By in situ
able phenotypes was important, since Df(1)bi-D3 de- hybridization, we also compared the endogenous fzr transcript lev-
letes additional genes including hindsight (hnt), which is els with those obtained after expression of the Hs-fzr transgene
used for phenotypic rescue experiments (see below). (E) showsrequired for amnioserosa differentiation and germband
signals in an embryo with the Hs-fzr transgene at a comparableretraction (Frank and Rushlow, 1996). The resulting lack
stage as the wild-type embryo shown in (D) after Hs-fzr inductionof hnt caused profound morphological defects in defi-
during a 10 minute heat shock (for details, see Experimental Proce-cient embryos during the stages that follow germband
dures). The scale bar in (A) corresponds to 75 mm.
retraction. In a number of control experiments, there-




To evaluate a role of fzr for mitotic cyclin accumula-
tion, we immunolabeled deficient embryos with antibod-
ies against cyclin A. The first abnormalities were ob-
served at the stages where cells become postmitotic. In
wild-type epidermis, cell proliferation stops after mitosis
16, when cells enter for the first time into G1 and stop
mitotic cyclin accumulation (cyclins A, B, and B3) de-
spite the presence of perduring transcripts (Knoblich et
al., 1994). In contrast to wild-type and hnt mutant em-
bryos (Figure 3A), we observed a rapid reaccumulation
of cyclin A (Figure 3C) and cyclins B and B3 (not shown)
in deficient embryos aftermitosis 16. By insitu hybridiza-
tion, we failed to detectan increaseof thecorresponding
transcript levels, suggesting that cyclin A, B, and B3
reaccumulation in deficient embryos was caused by
posttranscriptional regulation. This ectopic cyclin reac-
cumulation occurred with the same kinetics that is also
observed in an exceptional restricted thoracic region
where epidermal cells always progress through an addi-
tional division cycle after mitosis 16 instead of arresting
in G1 (Knoblich et al., 1994). The ectopic cyclin accumu-
lation throughout the epidermis of deficient embryos
was also followed by an additional division in all cells.
This extra division is illustrated in Figure 3D, which
shows a very high frequency of mitotic figures three
hours after the stage of mitosis 16 (Figure 3D) when
all epidermal cells are postmitotic in wild-type and hnt
mutant embryos (Figure 3B, and data not shown).
The extra division that occurred in the deficient em-
bryos appeared completely normal, also with regard to
degradation of cyclins A, B, and B3 (Figures 3E±3G).
Pulse labeling with BrdU demonstrated that the extra
division was preceded by S phase. All epidermal cells
in deficient embryos incorporated BrdU after mitosis 16
(Figures 3H and 3I) instead of arresting in G1 as observed
during wild-type development (Edgar and O'Farrell,
1990; Knoblich et al., 1994). The spatial and temporal
pattern of BrdU incorporation closely matched the pat- Figure 3. Loss of fzr Results in Ectopic Cyclin Accumulation and
an Extra Division Cycle in Epidermal Cellstern of the previous mitosis 16 (not shown). BrdU and
hntXE/hntXE control embryos (A and B) and Df(1)bi-D3/Y embryostubulin labeling at later stages failed to reveal further
deficient for hnt and fzr (C±G) after fixation at stage 12 (A and C) orcell proliferation, indicating that the epidermal cells
13 (B, D, and E±G) and immunolabeling with antibodies againstprogress through one extra cycle only. We emphasize
cyclin A (A, C, and F), against b-tubulin (B, D, and E), and DNA
that Hs-fzr expression prevented the extra S phase in labeling (G) are shown. While cyclin A accumulation is only observed
fzr-deficient embryos (Figures 3J and 3K) as well as the in the proliferating nervous system and no longer in the postmitotic
reaccumulation of mitotic cyclins after mitosis 16 and epidermis of control embryos (A), fzr-deficient embryos accumulate
cyclin A againafter mitosis 16 (C) and progress through an additionalthe extra division (not shown). Moreover, this phenotypic
division (D±G) instead of becoming postmitotic as in control em-rescue did not require Hs-fzr expression at levels above
bryos (B). The same region of the epidermis is shown in (B) and (D).the endogenous fzr expression as revealed by parallel in
(E), (F), and (G) show high magnification views of triple-labeled cells
situ hybridization experiments (Figure 2E). Finally, while during the extra division in fzr-deficient embryos, illustrating that
Hs-fzr expression prevented ectopic BrdU incorporation cyclin A is degraded and chromosomes are separated during this
in the epidermis of deficient embryos, it did not generally division (see telophase cell indicated by arrowheads).
Df(1)bi-D3/Y embryos deficient for fzr were pulse-labeled with BrdUabolish all BrdU incorporation. Incorporation was still
at stage 12. While epidermal cells in control embryos are alreadyobserved in the developing nervous system in a pattern
postmitotic at this stage (Knoblich etal., 1994), fzr-deficient embryoscorresponding to the normal cell proliferation program
enter S phase after mitosis 16 and incorporate BrdU (H and I). This
of wild-type development (Figures 3J and 3K). extra S phase 17, but not other S phases, is inhibited in Df(1)bi-
D3/Y embryos after expression of a heat-inducible Hs-fzr transgene
during either a 20 minute (J) or 10 minute heat shock (K). (I) and (K)
fzy and fzr Are Functionally Distinct show epidermal regions of the embryos at higher magnification. The
scale bars in (A), (B), (E), and (I) correspond to 50, 10, 2, and 50 mm,To address a functional redundancy of fzy and fzr, we
respectively.analyzed the double mutant phenotype. Cell cycle pro-
gression in fzy mutants is initially supported by a mater-
nal fzy contribution that is sufficient for the completion
of all of the 16 division cycles in the dorsal epidermis
fizzy-related Regulates Mitotic Cyclin Levels
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Figure 4. fzy and fzr Are Functionally Distinct
fzy3/fzy3 (A) and Df(1)bi-D3/Y; fzy3/fzy3 double
mutant embryos (B and C) were labeled with
antibodies against b-tubulin at either late
stage 11 (A and B) or stage 13 (C). While cells
in the ventral epidermis (ve) are arrested in
metaphase of embryonic division cycle 16,
they exit normally from mitosis in the dorsal
epidermis (de) and are in interphase in both
fzy and fzy fzr double mutant embryos during
stage 11 (A and B). Instead of arresting prolif-
eration in this interphase, cells enter an addi-
tional division cycle and become arrested
during metaphase of the extra mitosis 17 in
fzy fzr double mutant embryos at stage 13 (C).
(A), (B), and (C) show regions of the thoracic
segments. The scale bar in (A) corresponds
to 10 mm.
(Figure 4A, [de]; Dawson et al., 1993, 1995; Sigrist et phase (Figure 5B). In the deficient embryos, however,
these cyclins were clearly present (Figure 5C) and sali-al., 1995). However, in the ventral epidermis, where the
vary glands failed to incorporate BrdU (Figure 5E) at theproliferation program is delayed compared to the dorsal
stage where the first endoreduplication occurred in wildepidermis, the maternal contribution is insufficient. Con-
type (Figure 5D). Endoreduplication failed also in thesequently, cells in the ventral epidermis of fzy mutants
other internal tissues of deficient embryos (not shown).become frequently arrested in metaphase (Figure 4A,
Hs-fzr expression restored BrdU incorporation in sali-[ve]; Dawson et al., 1993, 1995; Sigrist et al., 1995). The
vary glands of deficient embryos at the stage of thefrequency of metaphase-arrested cells appeared similar
first endoreduplication (Figure 5F) and in other internalin fzy and in fzy fzr double mutants (85 6 19 and 69 6
tissues as well, even when expressed at levels below13, respectively, in the same thoracic region, n 5 4
the endogenous fzr expression. Moreover, Hs-fzr ex-embryos). Loss of fzr, therefore, does not enhance the
pression also suppressed the ectopic accumulation offzy mutant phenotype at the stage where the phenotype
mitotic cyclins in internal tissues (data not shown, butnormally becomes apparent (compare Figures 4A and
see below). We conclude, therefore, that fzr is required4B). However, cells in the dorsal epidermis of double
for suppression of cyclin A, B, and B3 accumulation andmutants entered an extra division cycle after mitosis 16,
for entry into endoreduplication in the salivary gland.as also observed in embryos deficient for fzr (Figure 3).
Interestingly, these dorsal epidermal cells all became
Premature Overexpression of fzr Down-Regulatesarrested during metaphase of the extra division in the
Cyclins A, B, and B3 and Inhibits Mitosisdouble mutants (Figure 4C), while they progressed nor-
Loss of fzr results in ectopic accumulation of cyclinsmally through this extra division in embryos lacking only
A, B, and B3 in both epidermis and internal tissues.fzr (Figures 3E±3G). These observations suggested that
Additional support for the idea that fzr acts as a negativefzy and fzr are specialized for the down-regulation of
regulator of cyclin levels was provided by the analysiscyclin levels in either mitosis or interphase, respectively.
of deficient embryos that were also mutant in Cyclin A
(CycA). In CycA mutants, the maternally derived cyclin
Loss of fzr Inhibits Endoreduplication in G2 Cells A is no longer sufficient for progression through mitosis
Abnormal accumulation of mitotic cyclins was not only 16 in the epidermis (Lehner and O'Farrell, 1989). In dou-
observed in the epidermal G1 cells after mitosis 16 but ble mutants, however, lacking both zygotic fzr and CycA
also in internal tissues (Figures 5A and 5C, and data not expression, we observed a normal progression through
shown). The cells in these internal tissues start with mitosis 16 followed by an ectopic S phase (see Experi-
endoreduplication in a defined spatial and temporal pat- mental Procedures). We wanted to test whether prema-
tern already during embryogenesis. Interestingly, in situ ture expression of fzr already during the embryonic
hybridization experiments (Figure 2) indicated that fzr division cycles is sufficient to bring about a premature
expression is especially high precisely during the transi- down-regulation of mitotic cyclins. For these experi-
tion from mitotic proliferation to endoreduplication. ments, we used prd-Gal4 and UAS-fzr transgenes. The
To analyze the role of fzr during the transition to endo- simultaneous presence of these two transgenes results
cycles, we concentrated on the prospective salivary in premature fzr overexpression in alternating epidermal
gland cells. These cells stop to divide after mitosis 15. segments. Previous analyses (Lane et al., 1996) have
This final division is followed by an immediate entry into shown that prd-Gal4-directed expression starts during
S phase 16, as also observed in all other cells of the embryonic cycle 15 and continues during cycle 16. Until
embryo. In contrast to the epidermis, however, S phase G2 of cycle 16, we were unable to detect differences
16 is no longer followed by a division in the salivary between UAS-fzr-expressing and nonexpressing stripes.
gland but by the first endoreduplication S phase (Smith However, in G2 of cycle 16, mitotic cyclins were severely
and Orr-Weaver, 1991, and data not shown). Mitotic decreased in the fzr-expressing stripes according to
cyclins are no longer detectable in wild-type salivary immunolabeling (Figure 6A, and data not shown). More-
over, mitosis 16 was blocked (not shown), and therefore,glands before entry into the first endoreduplication S
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Figure 5. Loss of fzr Prevents Endoredupli-
cation
fzr-deficient Df(1)bi-D3/Y embryos (A and C)
and control embryos (B) were labeled with
antibodies against cyclin B (A) and cyclin B3
(B and C) during stage 12. While fzr-deficient
embryos accumulate mitotic cyclins in ante-
rior ([A], amg) and posterior midgut ([A], pmg)
and in salivary glands (C) to high levels, cyclin
accumulation is not detectable in the midgut
of control embryos (Lehner and O'Farrell,
1990; data not shown) and in salivary glands
of control embryos (B). Endoreduplication in
salivary glands of control embryos (D), fzr-
deficient Df(1)bi-D3/Y embryos (E), and fzr-
deficient embryos after expression of a heat-
inducible Hs-fzr transgene (F) was analyzed
by BrdU pulse labeling during stage 12. The
failure of BrdU incorporation observed in sali-
vary glandsof fzr-deficientembryos (E) is res-
cued by Hs-fzr expression resulting from a
10 minute heat shock (F). Bars in (A), (C), and
(D) correspond to 100,20, and 20 mm, respec-
tively.
cell density was found to be reduced in the UAS-fzr- the premature disappearance of mitotic cyclins. Instead
of this premature cyclin disappearance and inhibition ofexpressing stripes at a stage where the epidermal cell
proliferation is completed (Figure 6B). We conclude that mitosis 16 resulting after UAS-fzr expression (Figures
6A and 6B), normal development until and includingpremature fzr overexpression down-regulates mitotic
cyclins in epidermal cells and inhibits mitosis. Hs-fzr mitosis 16 followed by ectopic accumulation of mitotic
cyclins after mitosis 16 and an additional extra divisionsexpression in wild-type embryos during G2 of cycle 16
resulted also in a complete inhibition of mitosis 16, but cycle resulted when UAS-CycE and UAS-fzr were ex-
pressed simultaneously (Figure 6C) and also when onlyprd-Gal4-directed expression of UAS-fzy had no effect
(data not shown). UAS-CycE was expressed (Figures 6D and 6E). All of
these observations are consistent with the idea thatMitotic divisions were also inhibited during the imagi-
nal disc cell proliferation, when UAS-fzr was expressed cyclin E/cdk2 inhibits FZR activity.
with the help of an en-Gal4 transgene in the cells of the
posterior compartment of imaginal discs. However, DNA
Discussionlabeling of imaginal discs at the end of larval develop-
ment indicated that these UAS-fzr-expressing cells in
Our analysis in Drosophila demonstrates that fzr isthe posterior compartment did not arrest in G2 but con-
expressed and of crucial importance when cells termi-tinued with DNA overreplication. While the cells in the
nate cell proliferation during embryogenesis. Loss ofanterior compartment of en-Gal4, UAS-fzr discs were
fzr results in progression through an extra cell cycle inindistinguishable from control discs as expected (com-
epidermal cells and in inhibition of endoreduplicationpare the left sides of Figures 6F and 6G), fewer but very
in salivary glands. These deviations from the normalbig and intensely labeled cell nuclei were found in the
developmental cell cycle program are accompanied byUAS-fzr-expressing posterior compartments (compare
a failure to down-regulate mitotic cyclins (cyclins A, B,the right sides of Figures 6F and 6G).
and B3) that bind and activate cdk1(cdc2) kinase. Pre-
mature fzr overexpression, when epidermal cells stillInhibition of fzr Activity by Cyclin E/cdk2?
proliferate, down-regulates mitotic cyclins followed byThe disappearance of mitotic cyclins occurred with a
inhibition of mitosis. As discussed below, all of thesedistinct delay after the onset of prd-Gal-directed expres-
findings are consistent with the idea that FZR activatession but precisely during the stage when cdk2 is thought
degradation of mitotic cyclins and thereby prevents ec-to become inactivated because of a decrease in cyclin
topic cdk1(cdc2) activity when cells become postmi-E expression and a parallel increase in the expression
totic.of the dacapo (dap) cdk inhibitor (Knoblich et al., 1994;
We have analyzed the consequences of loss of fzrde Nooji et al., 1996; Lane et al., 1996). This coincidence
with a deficiency deleting other genes in addition to fzr.of mitotic cyclin disappearance and cyclin E/cdk2 inacti-
However, in these deficient embryos, cell cycle defectsvation raised the possibility that fzr activity might be
occurred exclusively at stages and in tissues corre-inhibited by cyclin E/cdk2. Consistent with this notion,
sponding to the dynamic developmental program of fzrwe found that prd-Gal4 directed UAS-fzr expression re-
expression. Moreover, the various cell cycle defectssulted in an earlier mitotic cyclin disappearance and
were all corrected by expressing Hs-fzr in the deficientinhibition of mitosis, when it was directed in Cyclin E2
embryos at levels below the endogenous fzr expression(CycE2) mutant embryos (see Experimental Proce-
as judged by in situ hybridization. Finally, except fordures). Moreover, simultaneous prd-Gal4-directed ex-
pression of UAS-CycE in addition to UAS-fzrsuppressed correcting the cell cycle defects in tissues that normally
fizzy-related Regulates Mitotic Cyclin Levels
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express fzr, this moderate Hs-fzr expression had no
effects on cell cycle progression in deficient embryos.
fzr and the Control of S Phase
We have previously shown that ectopic cyclin E expres-
sion as well as failure to express the cyclin E/cdk2 inhibi-
tor p27DAP in the embryonic epidermis results in ectopic
accumulation of mitotic cyclins and in progression
through an ectopic division cycle instead of a G1 arrest
(Knoblich et al., 1994; Lane et al., 1996). Ectopic cyclin
E/cdk2 activity in the postmitotic epidermal cells, there-
fore, has the same phenotypic consequences as loss of
fzr, suggesting that FZR might act primarily as a negative
regulator of cyclin E/cdk2 and indirectly on mitotic
cyclins. All of the following findings, however, argue
strongly against this interpretation. By immunolabeling
with anti-cyclin E and anti-DAP antibodies, we cannot
detect altered expression in either fzr-deficient embryos
or after prd-Gal4-directed UAS-fzr expression (data not
shown). In addition, while ectopic UAS-dap expression
in the salivary gland during the larval stages inhibited
endoreduplication effectively, UAS-fzr expression had
no effect (data not shown). Finally,when UAS-fzr expres-
sion was directed to imaginal disc cells during the larval
stages, endoreduplication instead of the normal mitotic
proliferation resulted (Figure 6F), as also observed in
CycA and Cdc2 mutants, but not in CycE mutants (Sauer
et al., 1995; Hayashi, 1996).
While all of our findings argue against the idea that
fzr functions as a negative regulator of cyclin E/cdk2,
they are consistent with our preferred interpretation that
fzr acts primarily as a negative regulator of cdk1 activity
that is not only required for M phase but also for making
S phase dependent on M phase. In budding and fission
yeast, cdk1 activity is clearly required to prevent inap-
propriate endoreduplication during the G2 phase (re-
viewed in Wuarin and Nurse, 1996). Importantly, similar
findings have also been made in higher eukaryotes that
in contrast to yeast have both cdk1 and cdk2. In particu-
lar, the observations in CycA and Cdc2 mutants in Dro-
sophila have suggested that cdk1 activity is also re-
quired to prevent an inappropriate endoreduplication
during the G2 phase (Sauer et al., 1995; Hayashi, 1996;
K. Weigmann and C. F. L., submitted). The onset of
the developmentally programmed physiological endore-
duplication in the salivary gland, therefore, might also
depend on the inactivation of cdk1 complexes. This
inactivation might be achieved by the down-regulation
Figure 6. Premature fzr Overexpression Down-Regulates Cyclin of mitotic cyclins caused by the especially high levels
Levels, Inhibits Entry into Mitosis, and Results in DNA Overrepli- of fzr expression that are observed transiently in the
cation salivary gland before the onset of the first endoredupli-
Expression of either UAS-fzr (A and B), UAS-CycE (D and E), or both cation S phase. In the fzr-deficient embryos, mitotic
UAS-fzr and UAS-CycE (C) was controlled by a prd-Gal4 transgene
that results in premature overexpression in epidermal stripes. The
high magnification views of the epidermis show always two express-
ing segments flanking a nonexpressing segment in the middle. Em- proliferation, we used an en-Gal4 transgene directing expression in
bryos were fixed at late stage 11 (A), or at stage 12 (B±E) and labeled all cells of the posterior compartment of imaginal discs. UAS-fzr ex-
with antibodies against cyclin B3 (A and E) or b-tubulin (B±D). UAS- pression forces the posterior cells through endoreduplication instead
fzr expression results in premature down-regulation of cyclin B3 of mitotic cycles as suggested by the comparison of nuclear density
levels before mitosis 16 (A) and inhibition of mitosis 16 causing the and size observed in en-Gal4 UAS-fzr discs (F) and control discs
lower cell density apparent at stage 12 (B). Coexpression of UAS- (G) from wandering stage larvae after DNA labeling. Imaginal disc
CycE and UAS-fzr suppresses the prematurecyclin down-regulation regions are shown with anterior to the left and posterior to the right
and inhibition of mitosis and results in an extra division cycle during of the dashed line. The scale bars in (A) and (B) correspond to 15 mm,
stage 12 (C), as also observed after ectopic expression of only UAS- and the bar in (G) corresponds to 7.5 mm. The same magnification
CycE (D and E). To express UAS-fzr during the imaginal disc cell is shown in (A) and (E) and (B)±(D) and in (F) and (G), respectively.
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cyclins continue to accumulate and cdk1 activity is ex- et al., 1995; Peters et al., 1996; Zachariae et al., 1996).
In addition, it will be interesting to evaluate the relation-pected to be maintained, resulting in the inhibition of
ship of fzr and roughex, an unrelated Drosophila geneendoreduplication.
with a similar function required at other developmentalWhile the inactivation of cdk1 is thought to establish
stages (Thomas et al., 1997).the competence to initiate another round of DNAreplica-
tion, the actual onset of DNA replication is dependent
Regulatory Differences Upstream and Downstreamon the activation of cdk1 in yeast and cdk2 in higher
of fzy and fzr?eukaryotes. Particular cyclins, Clb5 and Clb6 in yeast
Our double mutant analyses demonstrate that FZY andand cyclins E and A in higher eukaryotes, are normally
FZR are specialized for the down-regulation of mitoticinvolved in this activation under physiological condi-
cyclins during either M phase or interphase, respec-tions. However, DNA replication can be activated in
tively. fzy is expressed in proliferating cells and is re-yeast and higher eukaryotes by cyclin/cdk1 complexes
quired for progression beyond metaphase and mitoticthat play little or no role during the G1/S transition under
cyclin degradation; fzr transcripts accumulate whenphysiological conditions (D'Urso et al., 1990; Amon et
cells become postmitotic and are required for cyclinal., 1994; Fisher and Nurse, 1996). Moreover, ectopic
down-regulation in G1 during cell cycle exit and in G2expression of Drosophila cyclin A, which appears to
before endoreduplication but not during mitosis. It willbind only to cdk1 and not to cdk2 (Knoblich et al., 1994),
be interesting to learn whether fzr is required in prolifer-is definitively capable of driving cells from G1 into S
ating cells progressing through cell cycles with G1(Thomas et al., 1997). Premature activation of cdk1 must
phases (which do not occur during Drosophila em-presumably be prevented when cells have to be main-
bryogenesis).Since FZYand FZR promote down-regula-tained in the G1 phase. The entry into an additional S
tion of mitotic cyclins in different cell cycle phases, theyphase that is observed in the epidermis of fzr-deficient
might have evolved to respond to different regulatoryembryos, therefore, might also result from the failure to
inputs. A fraction of FZY is modified precisely duringdown-regulate the mitotic cyclins.
the metaphase/anaphase transition when mitotic cyclin
degradation starts (S. J. S. and C. F. L., unpublished
data). Cyclin degradation during mitosis, and thus FZYFZR and FZY: Positive Regulators
activity perhaps as well, is controlled by checkpointof Cyclin Proteolysis?
mechanisms that monitor spindle integrity and chromo-We have identified fzr because of its similarity to fzy,
some attachment (Wells, 1996).which is required for progression beyond metaphase
Degradation of mitotic cyclins during interphase, onand mitotic cyclin degradation (Dawson et al., 1993,
the other hand, appears to be important for cell cycle1995; Sigrist et al., 1995). fzr and fzy encode highly simi-
exit and entry into endoreduplication. fzr transcriptionlar proteins with seven WD repeats in the C-terminal
is regulated by developmental cues that stop the embry-region. WD repeats are found in many proteins with
onic cell proliferation. In addition, FZR appears to bediverse biological function (Neer et al., 1994). They are
regulated as well. Our observations suggest that FZR
also found in budding yeast Cdc4p, which is required
is negatively regulated by cyclin E/cdk2 activity, which
for the ubiquitin-dependent proteolysis of important cell
in turn is also controlled by the developmental cues that
cycle regulators (Schwob et al.,1994; Blondel and Mann,
stop the embryonic cell proliferation. These develop-
1996). CDC4 acts ina pathway with CDC53, and interest- mental cues result in CycE down-regulation and dacapo
ingly, mutations in cul-1, a C. elegans homolog of up-regulation at the stage where cell proliferation is to
CDC53, have recently been shown to result in a similar be arrested (Knoblich et al., 1994; de Nooji et al., 1996;
inability to arrest cell proliferation at the appropriate Lane et al., 1996). The resulting inhibition of cyclin
developmental stage as also apparent in the fzr-defi- E/cdk2 activity thereforemight activateFZR and thereby
cient embryos (Kipreos et al., 1996). prevent mitotic cyclin accumulation and ectopic cdk1
The closest yeast relative of fzr, however, is not CDC4 activity when cells become postmitotic.
but HCT1, which is required for proteolysis of Clb2p It is likely that FZY and FZR are involved in the degra-
(Schwab et al., 1997), a budding yeast B-type cyclin with dation of proteins other than the known A- and B-type
a characteristic destruction box as also present in A- cyclins. It is thought that the degradation of proteins
and B-type cyclins of higher eukaryotes. Drosophila fzr like the fission yeast cut2 protein is required for sister
appears to be unable to provide HCT1 function in yeast chromatid separation in mitosis (Holloway et al., 1993;
(S. J. S., C. F. L., and W. Seufert, unpublished data). Irniger et al., 1995; Yamamoto et al., 1995; Funabiki et
It remains to be demonstrated that FZR activates the al., 1996), and fzy is clearly required not only for cyclin
proteolytic degradation of mitotic cyclins. However, the degradation but also for sister chromatid separation in
abnormal cyclin accumulation in both fzr and fzy mu- mitosis. It is possible, therefore, that FZY and FZR trig-
tants is not associated with an apparent increase in ger the proteolytic degradation of different subsets of
transcript levels, indicating that FZR and FZY down- proteins.
regulate mitotic cyclins at a posttranscriptional level. If In summary, while the function of fzr in the control of
FZY and FZR trigger cyclin proteolysis as suspected, it the degradation of mitotic cyclins remains tobe clarified,
will be important to clarify their functional relationship it is clearly required for cell cycle exit at the correct
with proteins known to be required for the ubiquitin- developmental stage and for entry into endocycles. The
dependent degradation of mitotic cyclins, with Cse1p conserved fzr gene therefore might be generally impor-
and the anaphase-promoting complex (APC), a complex tant in higher eukaryotes for transitions in the develop-
mental cell cycle program.composed of several proteins (Irniger et al., 1995; King
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Experimental Procedures Ubx-lacZ]. The allele CycAC8LR1 results in an amorphic phenotype (J.
Knoblich and C. F. L., unpublished data). While 8 (6 4; n 5 4) mitotic
figures were observed in the analyzed epidermal region of CycAC8LR1/Isolation and Characterization of fzr cDNAs
The Xenopus fzr cDNA was isolated from an ovary cDNA library CycAC8LR1 mutant embryos during the stage of mitosis 16, we ob-
served 132 (6 53; n 5 4) mitotic figures in the double mutants(Miller et al., 1989) with a Drosophila fzy cDNA probe (Dawson et
al., 1995; Sigrist et al., 1995) and hybridization at low stringency. All Df(1)bi-D3/Y; CycAC8LR1/CycAC8LR1 and 134 (6 51; n 5 4) in control
embryos.of the seven positive clones that were analyzedcontained fzr inserts.
The longest cDNA (2.7 kb) was sequenced completely on both To analyze the consequences of premature overexpression, we
constructed transgenic lines allowing Gal4-dependent expressionstrands (accession number Y14163).
To identify additional fzy and fzr genes in Drosophila and Xenopus, of either fzr (P[w1, UAS-fzr]) or fzy (P[w1, UAS-fzy]) using pUAST
(Brand and Perrimon, 1993) and the corresponding cDNAs. Analo-we synthesized primers for enzymatic amplification by polymerase
chain reaction (PCR). The primers (59-GGC TCT GGN GGN GAN gous transgenic lines with cyclin E constructs (P[w1, UAS-CycE])
have been described previously (Lane et al., 1996). Expression ofCGN TWY ATH-39 and 59-GGC GGA TCC ANK NAR NCC RCA NAC
YTC YTG-39) were designed to hybridize to regions that were found these transgenes was obtained in the progeny of crosses of these
transgenic lines with a line carrying a transgene directing Gal4 ex-to bealmost identical in Drosophila fzy and Xenopus fzr. In Drosoph-
ila fzy, the corresponding regions encode amino acids 85±91 and pression under control of either the prd or the en regulatory region
(Brand and Perrimon, 1993). For simultaneous Gal4-dependent ex-235±242, respectively. As PCR templates, we used first strand cDNA
prepared from either Xenopus oocyte poly(A)1 RNA or 0±6 hr Dro- pression of fzr and CycE, we isolated a recombinant third chromo-
some carrying both P[w1, UAS-fzr] and P[w1, UAS-CycE].sophila embryo poly(A)1 RNA.
From the Xenopus template cDNA, we were able to amplify a To compare the consequences of prd-Gal4 directed UAS-fzr ex-
pression in either CycE2 or CycE1 embryos, we crossed CycEAR95/1;fragment using conditions that were already too stringent for a con-
trol amplification from the cloned Xenopus fzr cDNA. Sequence prd-Gal4/1 and CycEAR95/CyO, P[w1, ftz-lacZ]; P[w1, UAS-fzr]III.1/1
flies and analyzed cell density in the progeny at embryonic stageanalysis of this fragment revealed a sequence encoding a protein
fragment with maximal similarity (79% identity) to the human fzy 12 after double immunolabeling with antibodies against b-tubulin
and cyclin E. CycEAR95/CycEAR95 embryos can be identified because ofhomolog p55CDC (Weinstein et al., 1994). Subsequent analysis of
cDNA clones confirmed that the corresponding Xenopus gene rep- a reduced anti-cyclin E labeling. The maternal cyclin E contribution
present in CycEAR95/CycEAR95 embryos is sufficient for the completionresents a fzy homolog (T. Lorca, J.C. LabbeÂ , S. J. S., C. F. L., and
M. Doree, unpublished data). of the entire cell proliferation program in the dorsal epidermis
(Knoblich et al., 1994). prd-Gal4-directed UAS-fzr expression in Cy-The PCR products amplified from Drosophila were digested with
BamHI to eliminate fragments derived from Drosophila fzy, which cEAR95/CycEAR95 embryos (n 5 5), however, resulted in a 55% (6 5)
reduction of the epidermal cell density in the UAS-fzr expressingcontains two BamHI sites in the corresponding region. The re-
maining products were reamplified, size-fractionated on agarose segment A1, while it caused only a 25% (6 9) reduction in A1 of
CycE1 sibling embryos (n 5 4) compared to A1 of wild-type embryos.gels, and sequenced after cloning into Bluescript KS(1). A group
of clones contained a fragment with a sequence that was more As expected, cell density in both CycE2 embryos and CycE1 siblings
in the neighboring A2 segments that do not express UAS-fzr wassimilar to Xenopus fzr than to vertebrate and Drosophila fzy se-
quences. This Drosophila fzr fragment was used as a probe for the indistinguishable from that of wild-type.
isolation of cDNA clones (Brown and Kafatos, 1988). A clone with
a 2.5 kb insert was sequenced completely on both strands. This
insert contained a single large open reading frame preceded by In Situ Hybridization, BrdU Labeling, and Immunofluorescence
The distribution of fzr transcripts during embryogenesis was ana-stop codons in the 59 region. Analysis of the two largest clones with
a 2.6 kb insert revealed an extension in the 59 untranslated region. lyzed by whole-mount in situ hybridization using RNA probes (Tautz
The composite cDNA sequence has been deposited in the EMBL and Pfeifle, 1989; Knoblich et al., 1994). BrdU pulse labeling and
database (accession number Y14162). The fzr PCR fragment recog- immunolabeling was done as described previously (Knoblich et al.,
nized two bands on Northern blots. According to their apparent 1994). Antibodies for immunolabeling were obtained commercially
mobility, the corresponding transcripts might be represented by the or have been previously described: rabbit antibodies against
2.5 kb and 2.6 kb cDNA clones. b-galactosidase (Cappel), mouse monoclonal antibody against
Sequence comparisons were done using FASTA and PILE-UP b-tubulin (Amersham), a mouse monoclonal antibody against BrdU
from the GCG software package. The accession numbers for the (Becton Dickinson), affinity-purified rabbit antibodies against cyclin
sequences used for the dendrogram shown in Figure 1B are F11559 A (Lehner and O'Farrell, 1989), affinity-purified rabbit antibodies
for the human fzr clone, U05340 for Hs p55CDC, and U22419 for against DAP (Lane et al., 1996), and a rabbit antiserum against cyclin
Drosophila fzy. The human fzr and the Xenopus fzy sequences are E (Lane et al., 1996).
partial sequences only. For the experimental analysis of whether Hs-fzr expression res-
cued the abnormal pattern of BrdU incorporation in fzr-deficient
embryos, we collected eggs from the Df(1)bi-D3/FM7C, P[w1, ftz-Fly Stocks and Chromosomal Mapping of fzr
lacZ]; P[w1, Hs-fzr]/TM3, Sb P[w1, Ubx-lacZ] stock on collectionThe chromosomal localization of Drosophila fzr was determined by
plates during 1 hr at 258C. After aging for 15 hr at 188C, we floatedin situ hybridization to polytene chromosomes. With a PCR assay
the collection plates on a 378C water bath for 5, 10, and 20 minutes.(Knoblich et al., 1994), we tested for the presence of fzr on chromo-
After 1 hr of recovery at 258C, we collected the eggs and continuedsomes carrying deletions in the fzr-containing X-chromosomal re-
with in situ hybridization to analyze expression levels or with BrdUgion 4C. While fzr was deleted by Df(1)ovo6, Df(1)ovo7, Df(1)ovo41,
pulse labeling. For the analysis of cyclin accumulation and mitoticDf(1)bi-D3, and Df(1)GA56, it was found to be present on the chro-
figures, we fixed the embryos directly after the 1 hr recovery period.mosomes carrying Df(1)rb1, Df(1)JC70, Df(1)rb42, and Df(1)rb27.
For phenotypic analyses, we used Df(1)bi-D3/FM7C, P[w1, ftz-lacZ].
Since this deficiency also deletes hindsight (hnt), we used y hntXE/
AcknowledgmentsFM7 (Wieschaus et al., 1983) in a number of control experiments.
Moreover, for additional control experiments, we constructed a
Correspondence regarding this paper should be addressed toheat-inducible transgene with pCaSpeR-Hs (Pirrotta, 1988) and the
C. F. L. (e-mail: chle@uni-bayreuth.de). We thank Wolfgang Seufertfzr cDNA according to standard procedures and used one of the
for communicating results prior to publication. We thank ChristineP[w1, Hs-fzr] insertions for the construction of Df(1)bi-D3/FM7C,
Dreyer for providing the Xenopus cDNA library, Gerd PflugfelderP[w1, ftz-lacZ]; P[w1, Hs-fzr]III.1/TM3, Sb P[w1, Ubx-lacZ].
for deficiency stocks and genomic lambda phages, and MonicaFor the fzr fzy double mutant analysis, we analyzed the progeny
Steinmann-Zwicky for deficiency stocks.We are indebted to Karstenof a cross of fzy3/CyO males with Df(1)bi-D3/1; fzy3/1 females. For
Sauer for the Northern blot, Hanns-Eugen StoÈ ffler for help with com-the fzr CycA double mutant analysis, we analyzed the progeny of
the stock Df(1)bi-D3/FM7c, P[w1, ftz-lacZ]; CycAC8LR1/TM3, Sb P[w1, puters, and Eva-Maria Illgen and JuÈ rgen Beckhoff for technical help.
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